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Cystic fibrosis (CF) is a genetic disease affecting more than 70,000 people worldwide. It is caused by a mutation in the cftr gene, a chloride ion transporter localized in the plasma membrane of lung epithelial cells and other organs. The loss of CFTR function alters chloride, bicarbonate, and water transport through the plasma membrane, promoting the production of a thick and sticky mucus in which bacteria including Pseudomonas aeruginosa and Burkholderia cenocepacia can produce chronic infections that eventually decrease the lung function and increase the risk of mortality. Autophagy is a well-conserved lysosomal degradation pathway that mediates pathogen clearance and plays an important role in the control of bacterial infections. In this mini-review, we describe the principal strategies used by P. aeruginosa and B. cenocepacia to survive and avoid microbicidal mechanisms within the autophagic pathway leading to the establishment of chronic inflammatory immune responses that gradually compromise the lung function and the life of CF patients.
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Introduction

Autophagy is a self-degradative process that plays a key housekeeping role in removing misfolded or aggregated proteins located in the cytosol. This cellular process contributes to the removal of damaged organelles including mitochondria, peroxisomes, and endoplasmic reticulum (Dikic and Elazar, 2018). Autophagy also plays an important role in the regulation of inflammasome activation, particularly in the removal of inflammasome-activating endogenous signals as well in the sequestration and remotion of inflammasome components (Harris et al., 2017). In innate immunity, autophagy plays a role in controlling the intracellular spread of cytosolic bacteria and restricting bacteria contained in vacuoles or phagosomes. During bacterial infection, infected cells form double-membrane compartments (known as autophagosomes) around free bacteria or associated to damaged vacuoles by intracellular pathogens that usually are delivered to lysosomes for their degradation (Huang and Brumell, 2014). As a cellular process, autophagy is highly efficient; nevertheless, some intracellular bacteria have evolved different strategies to avoid its degradation by the autophagic pathway.



Pathophysiology of Opportunistic Infections in Patients With CF

Cystic fibrosis (CF) is an autosomal recessive congenital disease (O’Sullivan and Freedman, 2009; Shteinberg et al., 2021) that principally affects lungs, pancreas, liver, kidneys, and intestine of at least 70,000 people worldwide (Jackson and Goss, 2018). The condition is due to a mutation in the cftr gene (Tsui et al., 1985), that codes a CF transmembrane conductance regulator (CFTR) involved in the transport of chloride and sodium ions,  , and water across the lung epithelia (Shteinberg et al., 2021). Defective CFTR function produces a thick and sticky mucus (Boyle, 2007) that rapidly clogs the lower airways in which diverse bacterial pathogens might produce infection and inflammation that gradually decrease the lung function (Blanchard and Waters, 2019), leading to the production of thick sticky mucus. Affected individuals develop shortness of breath, cough, and chronic infections that eventually decrease lung function, which increases the mortality risk. Several mutations are described in the cftr gene (Bareil and Bergougnoux, 2020). The most common mutation is the deletion of phenylalanine in the position 508 (F508del). This mutation is associated with inflammation and decreased autophagy (Luciani et al., 2010). The first bacterial pathogens associated with the lower airways of children with CF are non-typable Haemophilus influenzae and Staphylococcus aureus (Cox et al., 2010). This initial colonization is progressively replaced by Pseudomonas aeruginosa and Burkholderia cenocepacia during adolescence and adulthood. Both of the latter opportunistic pathogens produce chronic infections that gradually reduce the lung function (Cox et al., 2010; Rossi et al., 2020; Rosales-Reyes et al., 2021). The inefficient bacterial clearance by affected individuals with CF is associated with a reduced bactericidal activity of macrophages, neutrophils, and respiratory epithelial cells (Yoshimura et al., 1991; Smith et al., 1996; Painter et al., 2006; Porto et al., 2011). In the mouse model, the phagocytic activity of alveolar macrophages with a deficiency in CFTR (cftr-/-) is not affected; however, its lysosomes fail to acidify and kill internalized bacteria (Di et al., 2006). B. cenocepacia invades macrophages and resides in a vacuole (BcCV) that shows a delay in lysosomal fusion (Lamothe et al., 2007). The delay in the lysosomal fusion with the BcCV is more pronounced in macrophages defective in CFTR (Lamothe and Valvano, 2008). In addition, P. aeruginosa survives more efficiently in macrophages with defective CFTR function (Porto et al., 2011) due to a deficiency in its lysosomal acidification (Di et al., 2006). In this mini-review, we describe how the subversion of autophagy by two important bacterial pathogens, B. cenocepacia and P. aeruginosa, contributes to the establishment of chronic infections in individuals with CF.



Autophagy in CF

Autophagy is a cellular process that plays an important role in innate immunity, specifically by restricting the replication of bacterial pathogens contained in vacuoles or phagosomes. In CF, phagocytic cells increase the production of reactive oxygen species (ROS). The cells also increase the activation of the transglutaminase-2 (TGM2) that inactivates the Beclin1 (BECN1) complex resulting in an inefficient autophagy process (Luciani et al., 2010). Beclin1 is cross-linked by TGM2, and this new complex is sequestered in the cytosol to form aggresomes. The treatment of cells that express CFTR-F508del with Cysteamine corrects the autophagy deficiency by increasing the function of the BECN1 complex with a reduced level of sequestosome 1 (SQSTM1, also known as p62) (De Stefano et al., 2014; Ferrari et al., 2017). Cells with deficient autophagy in the airways of CF patients show accumulation of SQSTM1, a protein that works as an adaptor in the regulation of the formation and elimination of aggregates containing ubiquitinated proteins (Komatsu et al., 2007; Nezis et al., 2008). In addition, the accumulation of SQSTM1 at the endosomal level reduces the pool of the small GTPases Rab5 (Villella et al., 2013) and Rab7 (Gilardini Montani et al., 2019) that are essential for maturation to early and late endosomes, respectively. In addition, the dendrimer-based cysteamine analogue (PAMAM-DENCYS) partially rescues the function of cells carrying the F508del mutation. This analogue significantly reduces the aggresome bodies formation in IB3 cells (Brockman et al., 2017). Thus, the autophagy dysfunction could be exploited by intracellular pathogens such as B. cenocepacia or P. aeruginosa to survive and persist in eukaryotic cells (Porto et al., 2011; Assani et al., 2014).



Burkholderia cenocepacia

B. cenocepacia is a nonfermenting, anaerobic Gram-negative bacterium that belongs to the Burkholderia cepacia complex (Bcc) (Mahenthiralingam et al., 2005). B. cenocepacia and B. multivorans are two opportunistic pathogens that cause infections in individuals with CF. B. cenocepacia produces a chronic infection that is characterized by the establishment of a strong inflammatory immune response and cell death (Kopp et al., 2012). This bacterial infection decreases lung function (Scoffone et al., 2017) and reduces the survival of colonized individuals (Isles et al., 1984; Tablan et al., 1985).

B. cenocepacia invades macrophages and epithelial cells in which it persists and replicates (Burns et al., 1996; Saini et al., 1999; Martin and Mohr, 2000). In CF epithelial cells, B. cenocepacia resides in autophagosomes that fail to fuse with lysosomes (Sajjan et al., 2006). In macrophages, B. cenocepacia survives in a membrane-bound vacuole (BcCV) (Burns et al., 1996; Martin and Mohr, 2000) in which the bacteria delays the lysosomal fusion with the BcCV (Lamothe et al., 2007). B. cenocepacia also modulates macrophage function through the translocation of bacterial effectors by their type VI secretion system (T6SS) to inactivate the small GTPase Rac1 and decrease the ROS production (Rosales-Reyes et al., 2012b). During this process, the overexpression of the T6SS damages the membrane of the BcCV allowing leakage of its content to activate the inflammasome NLRP3 (Rosales-Reyes et al., 2012a) (Figure 1). The damaged membrane of the BcCV could be a signal to induce autophagy; however, B. cenocepacia impairs the formation of mature autophagosomes. The deficiency of caspase-4 (CASP-4, a protein associated to non-canonical activation of inflammasome) increases bacterial replication, with reduced association of LC3 at the BcCV. These observations suggest that CASP-4 has an important role in the autophagosome formation to control intracellular B. cenocepacia (Krause et al., 2018). In this manner, macrophages carrying mutation F508del in CFTR also show a reduced association of LC3B with the BcCV (Abdulrahman et al., 2011). Importantly, intracellular B. cenocepacia decrease the transcription of Atg9b, Atg5, Atg12, and Atg8, suggesting that the downregulation of these autophagic components could be an additional strategy used by this bacterium to survive inside CF macrophages (Figure 1). In addition, in CF macrophages, the Mirc1/Mir17-92 cluster works in a way similar to a negative regulator of autophagy. Thus, the downregulation of Mir17 and Mir20a expression partially increases the clearance of B. cenocepacia by autophagy (Tazi et al., 2016). Therefore, the induction of autophagy with rapamycin on macrophages carrying mutation F508del in CFTR reduces the intracellular bacterial load and decrease the inflammation of the lungs of B. cenocepacia-infected mice F508del (Abdulrahman et al., 2011). Moreover, the autophagosome maturation in murine macrophages needs the expression of SQSTM1 (Komatsu et al., 2007). The depletion of SQSTM1 in F508del macrophages infected with B. cenocepacia results in the release of BECN1 from cytosolic CFTR aggregates with a consequent redistribution at BcCV in which LC3 is recruited to form functional autophagosomes (Abdulrahman et al., 2013). The pre-activation of macrophages either with IFN-γ or rapamycin increases the colocalization of SQSTM1 with BcCV to produce mature autophagosomes (Assani et al., 2014) (Figure 1). In addition, macrophages pre-activated with IFN-γ increase their ability to control intracellular B. cenocepacia to process and present bacterial antigens by class II MHC molecules to CD4 T-cells (Rosales-Reyes et al., 2020). Surprisingly, B. cenocepacia survives more efficiently in macrophages deficient in Gasdermin D (gsdmd-/-), an executioner of pyroptotic cell death. The deficiency of Gasdermin D is associated with a low rate of autophagosome formation (Estfanous et al., 2021).




Figure 1 | Burkholderia cenocepacia subverts autophagy in cystic fibrosis. Burkholderia cenocepacia invades phagocytic cells and resides in a vacuole (BcCV) that shows delayed fusion with lysosomes. The activity of the Type VI Secretion System (SST6) damages the membrane of the BcCV, allowing leakage of its content to activate the inflammasome NLRP3 and to release IL-1β. The damaged membrane of the BcCV might be surrounded by autophagosome membranes. Bacterial infections decrease the Atg9b, Atg5, Atg12, and Atg8 transcription. The decrease of Gasdermin D and caspase-4 expression in B. cenocepacia-infected macrophages decreases the autophagosome formation. The downregulation of Mir17 and Mir20a partially restored the autophagy deficiency. Rapamycin or IFN-γ stimulation induces the release of SQSTM1 from aggresomes to increase the mature autophagosome formation. Red arrows indicate decreased autophagy, and black arrows indicate increased autophagy. Created with BioRender.com.



In contrast, Al-khodor et al. report that B. cenocepacia strain J2315 in human monocyte-derived macrophages or mouse bone marrow-derived macrophages disrupt the membrane of the BcCV to escape into the cytosol, in which the bacterium is surrounded by actin, and recruits KDEL, ubiquitin, SQSTM1, and LC3B to form functional autophagosomes (Al-Khodor et al., 2014).

Altogether, the downregulation of autophagic pathway is a key strategy used by B. cenocepacia to survive and persist for long periods of time causing a severe inflammatory immune response that triggers lung deterioration in CF patients.



Pseudomonas aeruginosa

P. aeruginosa is an environmentally ubiquitous Gram-negative bacterial pathogen that is associated with increased morbidity and mortality among CF patients (Govan and Harris, 1986). This bacterium colonizes the lower airways of CF-affected individuals. The ability of P. aeruginosa to survive in this microenvironment requires the efficient evasion of their recognition by the immune system. The downregulated expression of diverse virulence factors by constant acquisition of mutations in global regulator genes as the quorum sensing and the mismatch repair system are general mechanisms used by P. aeruginosa to mediate their adaptation and survival in this microenvironment (Rossi et al., 2020; Rosales-Reyes et al., 2021).

Although P. aeruginosa was considered to be an extracellular opportunistic pathogen, it has been shown that it has the ability to gain access to phagocytic cells (Speert and Simpson, 1999). This bacterium induces autophagy in both macrophages and mast cells (Yuan et al., 2012; Junkins et al., 2013). In mouse and human macrophages, intracellular P. aeruginosa promotes autophagy to decrease phagocytosis and their intracellular bacterial killing (Wu et al., 2016). In these studies, the knockdown of ATG7 or Beclin1 increases both macrophage phagocytic activity as well as intracellular killing. Nevertheless, the autophagy induction by rapamycin decreases the expression of phagocytic receptors for P. aeruginosa (Wu et al., 2016). Additionally, in macrophages, P. aeruginosa induces the assembly and activation of the NLRP3 inflammasome; thus, active NLRP3 inflammasomes reduce the efficiency of macrophages to kill P. aeruginosa by the decreased formation of autophagosomes (Figure 2) (Deng et al., 2016). In addition, the inflammasome activation by P. aeruginosa does not require the type III secretion system. The inflammasome activation leads to TRIF processing by caspase-1 and decreases the NLRP3 inflammasome activation. Thus, inhibition of TRIF cleavage by caspase-1 increases the bactericidal activity mediated by autophagy (Jabir et al., 2014).




Figure 2 | Pseudomonas aeruginosa subverts autophagy in cystic fibrosis. P. aeruginosa invades phagocytic and epithelial cells, which modulates the autophagic pathway to survive. Cell infection induces NLRP3 inflammasome activation to release IL-1b. Caspase-1 activation also mediates TRIF degradation to decrease the inflammatory response. The Type III Secretion System (T3SS) releases ExoS, a toxin with ADP ribosylation activity that decreases the Vsp34 activation to produce phosphatidylinositol (3,4,5) trisphosphate (PIP3). The release of pyocyanin promotes autophagy through the EIF2AK4/GCN2 (eukaryotic translation initiation factor 2 a kinase 4)–EIF2S2/eIF2α (eukaryotic translation initiation factor 2 subunit α)–ATF4 (activating transcription factor 4) pathway. Red arrows indicate decreased autophagy, and black arrows indicate increased autophagy. Created with BioRender.com.



The ability of P. aeruginosa to modulate the formation of mature autophagosomes is a key strategy to ensure its survival in phagocytic cells. For example, Annexin A2, a member of the annexin family, interacts with Fam13A to activate the Rho GTPase to regulate the autophagosome formation after P. aeruginosa invasion through the Akt1-mTOR-ULK1/2 pathway (Li et al., 2015). P. aeruginosa produces pyocyanin (PYO), an important virulence factor required for their full virulence. PYO is a redox-active released pigment that interferes with several cellular functions in host cells including electron transport, gene expression, energy metabolism, cellular respiration, and an innate immune response (Rada and Leto, 2013). Deletion of the phzM gene (required for pyocyanin biosynthesis) significantly decreases autophagy induction. In addition, pyocyanin induces autophagy through the EIF2AK4/GCN2 (eukaryotic translation initiation factor 2 a kinase 4)–EIF2S2/eIF2α (eukaryotic translation initiation factor 2 subunit α)–ATF4 (activating transcription factor 4) pathway (Figure 2). The reduced pyocyanin production during chronic infections has been associated with better bacterial adaptation into the host (Yang et al., 2016). ExoS, a T3SS effector with the activity of ADP ribosylation, inhibits the host autophagy by decreasing the Vps34 kinase activity (Rao et al., 2021). Thus, the survival of P. aeruginosa inside phagocytic and epithelial cells requires a coordinated mechanism that ends in decreased autophagosome formation, leading to P. aeruginosa survival and persist for long periods of time, increasing the inflammatory immune response that gradually decreases lung function of individuals affected with CF.



Autophagy in the Control of Intracellular Bacteria

B. cenocepacia and P. aeruginosa are two important opportunistic pathogens that produce chronic infection in CF lungs. Their ability to survive and persist into eukaryotic cells leads to the establishment of chronic inflammation and cell death. The bacterial survival in vacuoles suggests that the induction of autophagy could be an important strategy to destroy these pathogens that subvert autophagy. Rapamycin is a drug that induces autophagy, decreasing the intracellular load of B. cenocepacia. In the mouse model, Rapamycin also decreases lung inflammation induced by the B. cenocepacia infection (Abdulrahman et al., 2011). In addition, the treatment with gamma-interferon (IFNγ) also promotes the formation of autophagosomes, in which B. cenocepacia is destroyed (Assani et al., 2014). Thus, the intracellular processing of B. cenocepacia by pre-activated macrophages with IFNγ produces peptides that are presented by class II MHC molecules to CD4 T cells (Rosales-Reyes et al., 2020). Similar findings have been observed in macrophages infected with P. aeruginosa in which the treatment with rapamycin or IFNγ also induces autophagosomes in which the bacterium is destroyed (Yuan et al., 2012). These observations suggest that the induction of autophagy might decrease the intracellular survival of B. cenocepacia and P. aeruginosa to decrease the chronic colonization and inflammation of the CF lungs.



Concluding Remarks

Eukaryotic cells can destroy intracellular microorganisms through the induction of autophagy. Autophagy is considered to be one of the first antimicrobial defense mechanisms used by several eukaryotic cells. This cellular process uses a distinct set of proteins that assemble a membrane around the vacuoles containing bacteria culminating in the destruction of the intracellular microorganisms. Bacterial antigens are processed in the autophagosome and the peptides generated are presented by class II MHC molecules to CD4 T cells to activate an adaptative immune response. Several microorganisms have evolved by developing strategies to evade autophagic degradation, allowing their survival and persistence. The bacterial persistence in the lungs of individuals affected with CF through the subversion of autophagy is a key factor that promotes chronic inflammation and decreases lung function, which ultimately compromises the life of affected individuals. The first bacterial pathogens associated with the colonization of the lower airways of newborn children with CF are non-typable H. influenzae and S. aureus. Progressively, these pathogens are replaced by P. aeruginosa and B. cenocepacia during adolescence and adulthood. The mechanisms described herein by which B. cenocepacia and P. aeruginosa subvert autophagy could help to establish better strategies to combat these intracellular pathogens that produce chronic infections in patients with CF.
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